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Abstract
Amphiphilic Janus particles demonstrate unique assembly structures when dried on a hydrophilic
substrate. Particle orientations are influenced by amphiphilicity and Janus balance. A three-stage
model is developed to describe the process. Simulation further indicates the dominant force is
capillary attraction due to the interface pinning at rough Janus boundaries.
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The drying of colloidal suspensions is a ubiquitous process in nature and everyday life. Many
commercial applications, including printing and coating products,1'2 rely on drying to form a
coherent thin film that adheres to the substrate. Furthermore, the ability to fabricate functional
thin films via a simple drying process will help address challenges in cutting-edge applications
such as flexible electronics, bio-sensing, and multifunctional coatings.3-5 From a fundamental
perspective, the drying process usually involves fast dynamics that are far from equilibrium. In
addition, the liquid-gas interface further complicates the transport, interaction, and assembly of
the colloidal constituents during the process. Previous studies have revealed interesting patterns
driven by evaporation. The prime example is the "coffee rine commonly observed in drying
sessile droplets.6 However, most of the studies have only focused on homogeneous or isotropic
particles and their spatial distribution. No systematic studies, in either experiment or simulation,
have reported how structured particles, such as Janus particles, where two sides of the particles
are made of different chemical compositions, self-assemble during the drying process.
More importantly, the anisotropy of Janus particles elicits a completely new question regarding
particle orientation, which does not exist for conventional isotropic particles. Orientation is also
associated with anisotropic molecules such as surfactants, proteins, and di-block copolymers.
Studies have shown that drying conditions can drastically affect the assembly and orientation of
these molecules and even induce different phase behaviors.'" Beyond the molecular system,
Janus nanoparticles and nanoclusters demonstrate unique assembly structures both in bulk and at
interfaces.10'11 However, the assembly and orientation of Janus particles at much larger length
scales (pm) under the drying conditions have not been extensively studied. Due to the anisotropy
of interactions and amphiphilicity of Janus particles, their interactions among each other and
with interfaces are completely different from homogeneous particles. The interface and the
drying process will play a significant role in controlling the assembly and orientation of Janus
particles. This report offers a new model system in both experiment and simulation for providing
insight into the unique behavior of anisotropic building blocks. Furthermore, the orientation of
Janus particles is a critical consideration for their functionality, as it directly affects the material
properties of the dried film.4
In this report, we examined the translational and rotational dynamics of Janus particles during the
drying process. Particle orientation was analyzed using an image analysis algorithm on scanning
2
electron microscope (SEM) images, which show contrast between the coated sides. We propose a
three-stage model to describe the drying process of Janus particles. We discovered that the
orientations and assembly structures of Janus particles are affected by both amphiphilicity and
Janus balance (geometry) of spheres. Additionally, particle orientation is highly coupled with
aggregation structures. A coarse-grained simulation with explicit solvent was developed to reveal
the fundamental interactions between particles during drying. Capillary attraction was induced by
the pinning of contact line around the rough boundaries on Janus particles. This force is found to
dominate the interactions and leads to unique deposition patterns.
Janus particles were fabricated following a protocol developed previously.12 Experimental details
can be found in ESI. Au (top layer) was deposited onto a monolayer of 3 pm silica particles.
Thiol molecules are then used to render Au surface with different chemical properties. ODT (1-
octadecanethiol) and DDT (1-Dodecanethiol) are used to render Au surface hydrophobic and
obtain amphiphilic Janus particles (JP-ODT and JP-DDT), while MHA (16-
Mercaptohexadecanoic acid) is used to give the Au surface a negative charge (JP-MHA). To
obtain Janus particles of different Janus balance, coated Janus particles were etched by aqua
regia solution. Control particles (JP-Si02), which are optically Janus however chemically
homogeneous, were obtained by depositing another layer of silica onto the Au coated particle
monolayer instead of the thiol treatment.
For the drying experiment, we only used hydrophilic glass substrate cleaned by 02 plasma. The
drying process was imaged in real time via an optical microscope. The details of dried particle
assembly were imaged using SEM. Both backscattered and secondary electron images were
taken and fed into an algorithm (ESI) developed to extract orientation of Janus particles.
For computer simulations of evaporating colloidal films, we performed many-body dissipative
particle dynamics (MDPD)13-16 to probe competing interactions that drive the self-assembly of
Janus particles. MDPD models solvent and Janus particles explicitly by representing a volume of
fluid or solid as individual coarse-grained beads, whose dynamics is governed by classical
mechanics. Similar to standard dissipative particle dynamics (DPD),17-19 MDPD captures
hydrodynamics in colloidal suspensions. However, different from DPD, which can model only
single-phase fluid or density-matching binary fluid, MDPD is capable of modeling multiphase
fluid with large density and viscosity contrast, e.g., liquid-vapor coexistence (Fig. 3). Thus, the
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drying process can be explicitly simulated using MDPD. Evaporation is modeled by reducing the
vapor density below the saturation vapor density through continuous removal of vapor beads
following a procedure described in our previous work.2° Colloidal particles are modeled as non-
deformable clusters of frozen MDPD beads translating and rotating as rigid bodies.21-23 The
particle bead density is adjusted to prevent the penetration between solvent beads and particles.
In addition, since adsorption energy is magnitudes higher than the gravity energy associated with
center of weight shift due to the gold coating in experiment, the density of gold is not considered
in the simulation. The surface chemistry of particle is readily controlled by tuning the interaction
parameters of the constituent beads.24-26 Janus boundary roughness is introduced as a sinusoidal
perturbation with amplitude gr as shown in Fig. S 1. Simulation details are described in ESI.
Drying of colloidal suspensions is a complicated process. Similar studies have focused on the
lateral distribution of isotropic particles, namely the coffee ring effect due to evaporation-
induced capillary flow.6 We also observed coffee ring formed by Janus particles, which is
beyond the scope of this report. Instead, we emphasize the unique orientation and local
monolayer assembly of a dilute solution of Janus particles mediated by the drying process.
Fig. 1 clearly shows the assembly structure and particle orientation after solution is completely
dried. The bright side is Au coated side. For Janus particles, almost all the particles orient with
the Au side facing towards the air, with out-of-plane angle (0) (Fig. S2) very close to 0° (Fig.
la). For homogeneous particles, obviously orientation should be random, which is clearly
demonstrated by control particles JP-Si02 in Fig. lb. Particle tracking results shown in Figs.
1c&d further confirmed the observation quantitatively. The orientation preference for larger
angles for control particles is likely due to the high density of Au coating, which directs particles
to orient more towards the substrate.
Interestingly, Janus particles form a large-scale open fractal structure while homogeneous
particles only show small aggregates. In separate experiments, the deposits of JP-ODT and JP-
DDT showed very similar structures when dried under the same conditions, while JP-MHA
resembles the homogeneous particles (Fig. S3). We note that both ODT and DDT are
hydrophobic ligands, while MHA is negatively charged. The results indicate that the fractal
structures were formed due to the amphiphilicity of Janus particles. In addition, the fractal cluster
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structures suggest that the assembly is limited by diffusion and Janus particles may experience
strong attractions during the drying process.
Real-time video revealed the detailed dynamics of the drying process. The snapshots in Fig. 2
suggest the drying process has three stages. In Stage I, Janus particles adsorb onto the air-water
interface as the water surface recedes towards the substrate; in Stage II Janus particles quickly
aggregate into cluster structures; in Stage III, the aggregates further assemble as water evaporates
away and assembly structures are eventually deposited onto the substrate. The particle
aggregation pattern is consistent with the Janus particle assembly structures formed at the
interface. In Fig. 2 particles adsorbed at the interface showed a much darker color, which is due
to the Au side orienting completely towards the air and blocking most of the transmitted light
compared to freely rotating particles.
Another interesting observation is that Stage I and II almost happen simultaneously. This
indicates again the strong attractions between Janus particles adsorbed at the interface. Notably,
both the silica side of the Janus particles and the substrate are negatively charged, yet repulsive
electrostatic interaction is not dominant. Although it is difficult to quantify, we consistently
observed that particles with fewer neighbors are more likely to orient randomly. This suggests
that the clustering of Janus particles is responsible for maintaining the orientation of particles
during the Stage III of the drying process.
Previous studies have reported on that the amphiphilic Janus spheres may experience strong
attraction at fluid interfaces due to the capillary force.27 Because of imperfections in fabrication,
the Janus boundary possesses certain roughness that distorts the pinned water-air interface. The
hypothesis is that when water pins at the rough boundary, strong attraction is induced between
particles to minimize the total surface free energy. Since it is very hard to measure and quantify
the roughness of Janus boundaries experimentally, we carried out computer simulations to
further study the particle interactions during the drying process. A simulation consists of an
equilibrium stage to probe the self-assembly of particle at the interface in Stage II and a drying
stage to reveal the final deposit in Stage III. Fig. 3 shows that Janus particles adsorb strongly at
the liquid-vapor interface with their orientation fixed, while the hydrophilic homogeneous
particles are dispersed uniformly in the film with random orientation. MDPD simulations allow
us to directly characterize the effect of Janus boundary roughness. The "rougIC Janus particles
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with prescribed sinusoidal boundaries assemble into a single fractal cluster at the interface,
which is reminiscent of the assembly structures observed in the experiments. Upon complete
evaporation of solvent, the large cluster maintains its fractal structure and Janus particle
orientation is unchanged (Movie S1). In contrast, despite having the fixed orientation, the
"perfecr Janus particles with smooth Janus boundaries do not exhibit long-range ordering at
equilibrium. Even with the assistance of capillary bridges between particles at the final stage of
drying (see Movie S2), only small aggregates can be observed in Fig. 3b. This comparison
highlights the critical role of the Janus boundary roughness.
Another observation in simulation is that the homogeneous particles also form a large cluster
with random orientations after drying (see Fig. 3c). This assembly is solely induced by capillary
interactions in the final drying stage when water film thickness drops below single particle
diameter. Hydrophilic particles significantly deform the interface as shown in Movie S3, leading
to larger attractive forces. The discrepancy between simulation and experiment is mainly due to
negligible substrate friction and smaller inter-particle distances of control particles in the
simulation, which promote large-scale aggregation.
We quantitatively characterize the roughness-induced effective attractions between a particle pair
(see ESI for details). Fig. 3d confirms the interfacial distortion induced by the rough Janus
boundary and the consequent long-range capillary attractions between particles. The strength of
capillary force increases as the roughness increases. In addition, the strength is sensitive to the
actual morphology of the Janus boundary, which is manifested by the amplitude of roughness
and the particle radius in our simulations. Nevertheless, simulation with large particles Rp =10
with rough Janus boundaries shows similar fractal aggregates (Fig. S4), confirming that the
capillary attraction leads to unique large-scale assembly. Notably, a small roughness ( 8r = 1)
comparable to the interfacial thickness2° fails to induce attraction. This is because in this
situation the pinning induced distortion is too small to withstand the intrinsic thermal
fluctuations of the interface. We did not attempt to fit the simulation results to the well-known
power law F : r-5 ,28 since the sinusoidal roughness does not necessarily reproduce the
quadrupolar distortion of the contact line in the experiments.29
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In experiment, we further studied the drying pattern of Janus particles with different Janus
balance. The Au coating on particles can be gradually etched away as shown in Fig. 4. The
etched Janus particles have a smaller hydrophobic patch, and the size of the patch can be fine-
tuned by controlling the etching time. An angle a as defined in Fig. 4a is used to characterize the
geometry of Janus spheres, with a = 90° for un-etched particles. A series of amphiphilic Janus
particles with different Janus balance were dried under the same conditions. Fig. 5d shows that
Janus balance can affect the particle orientation. When a < 60°, particles orient more randomly,
and the assembly structures are small, closely packed aggregates. The structure is very similar to
homogeneous particles. However, when a > 70°, most particles orient their hydrophobic side
towards air (0 < 30°) and form a fractal assembly. The observation can be well explained by the
capillary attraction suggested by simulation. Roughness at the boundary can still be responsible
for the strong attraction for slightly etched particles (a > 70°). However, when Au coating patch
becomes very small (a < 60°), the water contact line on adjacent particles are too far away from
each other to induce strong enough attraction.
In conclusion, amphiphilic Janus particles orient with the hydrophobic side facing towards air
and form fractal assembly structures when dried on a hydrophilic substrate. We further
discovered that the orientation depends on the amphiphilicity and Janus balance. The orientation
is maintained due to the aggregation formed when Janus particles adsorb at the water-air
interface. The structures suggest that Janus particles experience strong attractions when adsorbed
at interface. Computer simulations reproduced the drying process and provide convincing
evidence that the strong capillary attraction induced by the pinning of the interface at the rough
Janus boundaries dominates the system. If the Janus particle boundaries are completely smooth,
no strong attraction was observed in the simulation.
This research is the first step in understanding the drying process involved with Janus particles. It
reveals the unique physics associated with Janus spheres. The study also lays out the foundation
of using Janus particles as coating materials to effectively change the surface properties. The
tools developed here can serve as platform technologies for image analysis of Janus spheres and
simulation of drying process.
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Fig. 1 SEM images and orientation analysis of dried particles on hydrophilic silicon wafer: (a)
amphiphilic Janus particles; (b) homogeneous control particles, inset in the upper right corner indicates
the image analysis of particle orientation; (c) orientation analysis of amphiphilic Janus particles (d)
orientation analysis of homogeneous control particles.
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Fig. 2 Three-stage drying process: (a) schematic plot; (b) Optical microscope images of different drying
stages.
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Fig. 3 Representative simulation snapshots of the assembly structures of (a) amphiphilic particles with
rough Janus boundaries, (b) amphiphilic particles with smooth Janus boundaries, and (c) homogeneous
control particles. (d) Effective interaction force between two amphiphilic Janus particles with rough
boundaries. Negative magnitude corresponds to attraction. Error bars represent standard deviations in
time. The inset shows the time-averaged interfacial distortion induced by the Janus boundary roughness
of adsorbed amphiphilic particles ( Rp =10 and or = 3 ).
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